In order to extract looseness fault feature for a generator set, the paper introduces a new time-frequency analysis method, called frequency slice wavelet transform (FSWT). The time-frequency distribution of signal is firstly processed by the FSWT. Then some interesting regions on the FSWT time-frequency map are selected for further analysis. Based on zoom and refine analysis, fault features are finally extracted and separated. Experiment and engineering application research showed that this method is effective.
Introduction
Looseness fault is a kind of fault in rotating machinery, which sometimes could cause catastrophic accident. When looseness fault appears, the machine behaviors usually are non-stationary and non-linear [1] . Some classical methods are not effective under this situation, so new time-frequency analysis methods are applied continuously to expect to discover more efficient features for diagnosis, such as the Short-Time Fourier transform (STFT), the Wigner-Ville distribution (WVD), wavelet transform (WT), and so on [2] .But researchers found that these methods have disadvantages in applications. The time-frequency window size of the STFT is fixed, which leads to signal aliasing is relatively serious near the characteristic frequency, so it has the low frequency resolution. The WVD has overlapping interference item in time-frequency plane for a signal with multiple components, so the extraction and interpretation of the fault features is difficult; in the WT, most wavelet functions are not symmetrical, thus during transformation the observed frequency and the time-frequency window center frequency of the wavelet are not conformity [3] . In order to obtain more effective features for generator set diagnosis, a new time-frequency processing method, the Frequency Slice Wavelet Transform (FSWT), is introduced in this paper. Vibration signal from the set is firstly dealt with the FSWT to get the time-frequency energy distribution. Then, some special regions are chosen to make further analyses for finding fault features. Experiment and engineering application showed that this method is effective.
Frequency Slice Wavelet Transform
For any
p ω is conjugate function of frequency slice function (FSF)ˆ( ) p ω . The frequency slice wavelet transform (FSWT) of ( ) f t is defined as:
Where σ ( 0 σ ≠ ) is the scale factor which is a constant or a function of ω , t and u [4] .
According to the principle of Morlet wavelet transform, let ω σ κ = to adjust the sensitivity of the transformation frequency or time, where ( 0) k k > is defined as time-frequency resolution factor and doesn't directly relate to ω and u [5] . Eq. (1) can be changed into
The inverse transformation of FSWT is defined as:
It's obviously that there is no directly relationship between the reconstructed transform Eq. (3) and the frequency slice functionˆ( ) p ω , only the scale factor σ have relation with the reconstruction [6] .
Simulation experiment
A signal ) (t f is defined as:
Where 1 2 A =A =2 , 3 Fig.4Monitoring setting structure Fig.5 shows a vibration signal from Bush No.4 when the set uploaded 6 MW load at the speed of 3000 r min , the length of the signal is 1024, and the sampling frequency is 2000 Hz. Fig. 6 displays its spectrum. It can be seen that the signal amplitude reached a maximum in operation frequency 50Hz, and there are several harmonic of 50Hz (2x to 11x) from 100Hz to 550Hz in signal vibration spectrum. . The time-frequency map is displayed in Fig.7 . As we observed in Fig.7 , the energy is concentrated under the frequency of 600Hz, it is the same as in Fig.6 , these components in low frequency-band under 600Hz are the operation frequency and its harmonics. However high frequency components over the frequency 600Hz have no significant signatures, they can be thought as high frequency noise produced by the set. As a result, we choose the low frequency-band as slice 1 for further analysis. Fig.8 shows the zoom map under 600Hz. In Fig.8 some highlight color bars are distinguished, these color bars demonstrates impact vibration signal characteristics which has short duration time and swing frequency in a wide range. The center frequencies of these bars are the operation frequency 50Hz and its harmonics (up to 11 times the operation frequency). These bars' signatures on the time-frequency map reflect the randomness and non-stationary in the vibration signal. Reconstructed signal in [200,500Hz] As investigated above, the signal of Bush No. 4 is non-stationary and nonlinear. Because these was no symptoms of rotor imbalance and misalignment fault found after field checking, so we thought that there would be looseness fault in the set.
After repairing, the set started again. When it run at the speed of 3000 r/min under load 6MW, 20MWand 45MW, vibration peak-to-peak values at Bush No.4 were 45μm, 40μm and 55μm respectively. The values were not greatly increased yet. The set was in operation. Fig.5 , the signal was more symmetry, and the signal amplitude was decrease significantly (see Fig.11 ). Fig.12 shows its FSWT map. The operation frequency (50 Hz) energy was decreased extensively, this means that the loose phenomenon was effectively relieved. The reconstructed signal over the band [200Hz, 500Hz] is given as in Fig.13 , its amplitude is also decreased prominently. Table 1 lists some indexes of these 2 curves, such as Root Mean Square(RMS), average(AVG), variance (VAR) and maximum(MAX). After repaired, these index values are much more less than that before repaired. 
Conclusion
It is difficult to analyze the non-stationary signal when there are faults appearing within a generator. This paper use a new time-frequency feature extraction method of FSWT to extract and separate the fault feature. With the aid of FSWT, the multi-component vibration signal can be segmented and extracted based on its time-frequency energy distribution. Moreover, the fault feature can be separated by FSWT reconstruction so that the fault information which contained in the signal can be used to diagnosis. Simulation experiment and engineering application showed that the FSWT method is more effective and adaptive for fault feature extraction in generator looseness fault diagnosis.
